We set out to detect a transcriptional signature in CD4 T cells of individuals at risk of 25 progression to active tuberculosis. We indeed found such a signature which surprisingly could be 26 tracked to a cell population expressing both T cell (CD3) and monocyte (CD14) markers. Imaging 27 experiments revealed that CD3 + CD14 + cells included T cell:monocyte complexes with high TCR 28 signaling activity. Broadening our investigation beyond tuberculosis, we also found CD3 + CD14 + -29 complexes as a function of time post tetanus, diphtheria and pertussis (Tdap) vaccination and as a 30 function of disease severity in dengue infection. These data suggest that circulating 31
Introduction 42
Detecting immune perturbations can help diagnose diseases. Our specific interest has been in 43 Tuberculosis (TB), a highly prevalent disease caused by the bacterial pathogen Mycobacterium 44 tuberculosis (Mtb) with nearly 2 billion people affected worldwide [1] . TB infections form a 45 spectrum: on one end, there are individuals with controlled infection (latent tuberculosis infection, 46 or LTBI) and on the other end individuals with active disease [2] . Only a small fraction (5-15%) 47 of individuals with LTBI will ever develop active disease, which is associated with significant 48 morbidity and mortality [1] . Treatment for LTBI individuals to eradicate the bacteria is an effective 49 way to prevent active disease. However, due to the risk of side-effects associated with these 50 treatments and low proportion of individuals actually progressing to active disease, treatment of 51 all LTBI individuals to eliminate the disease in high prevalence countries is not justified. 52
To overcome this hurdle, the WHO has called for the development of diagnostic tests that can 53 reliably predict LTBI progressors with a sensitivity and specificity of 90% [3] . This would enable 54 targeted treatment of at-risk LTBI individuals with the goal of eradicating the disease. Recent 55 efforts towards the development of such tests has included transcriptomic profiling which 56 discovered concise gene signatures predictive of LTBI progression [4, 5] . These results 57 demonstrate the applicability of transcriptional profiling to develop diagnostic tests for risk of TB 58 progression, but the performance of these tests is still far from reaching WHO's goal, and there is 59 still no mechanistic understanding of immune responses required for protection. 60 We recently identified a gene signature in memory CD4 + T cells that distinguishes individuals with 61 LTBI from uninfected individuals [6] . Such transcriptional profiling of selected cell populations 62
is not a realistic option as a diagnostic test for TB in low resource environments, but it can provide 63 a clearer picture of the role that CD4 + T cells play in TB immunity and in the mechanisms ofdisease progression, which is harder to do in whole blood studies [7] . We targeted CD4 + T cells 65 as they are known to be key players in TB protective immunity [8, 9] . In particular, antigen-specific 66
CD4
+ T cell responses have been shown to be associated with protection in the context of BCG 67 vaccination [10] , and defects in the development of CD4 + CCR6 + CXCR3 + T cells, which contain 68 the vast majority of Mtb epitope-specific T cells in LTBI subjects [11] , are associated with 69 increased susceptibility to Mycobacteria infections in humans [12] . 70
Here we asked if the transcriptome data of purified memory CD4 + T cells in latent TB infected 71 individuals contained a gene signature associated with risk of disease progression that could help 72 understand the changing role of CD4 + T cells with progression to active disease. We used a 73 validated marker of TB risk progression that was available to us, namely the 74 LTBI subjects with a high M/L ratio (hence higher risk of progression to disease) indeed had a 80 distinct gene expression profile in their CD4 + memory T cells, which was surprisingly highly 81 enriched for monocyte-associated genes. We ultimately traced this discovery to a general 82 phenomenon of circulating T-cell:monocyte complexes in the blood that can be detected following 83 immune perturbations, and could serve as a general diagnostic and mechanistic tool to better 84 monitor and understand T cell:APC immune interactions. 85
Results

87
Unexpected detection of monocyte gene expression in CD4 + memory T cells from M/L high 88 subjects. 89
To identify individuals at high risk of progression to active disease in our previously characterized 90 cohort of LTBI individuals [6], we determined the frequency of monocytes and lymphocytes in 91 their cryopreserved PBMC using our previously published 10-color flow cytometry panel [17] . 92 M/L ratio was calculated based on forward and side scatter identification of the monocyte and 93 lymphocyte populations (Fig. S2A) , and showed high inter-individual variability within the LTBI 94 cohort (Fig. S2B) . To identify biological relevant thresholds to apply to the LTBI cohort, we 95 calculated the M/L ratio from a TB negative cohort of 29 individuals [6] in the same fashion. The 96 highest M/L ratio amongst any TB negative subjects was used as a threshold to classify LTBI 97 individuals as M/L high (>0.56, n=6 subjects). The median M/L ratio in the TB negative cohort 98 was then used to classify the remaining LTBI individuals into M/L low (< 0.31, n=12 subjects) 99 and M/L intermediate (M/L int) (0.31 -0.56, n=12 subjects) (Fig. 1A, Fig. S2B) containing genes with correlated expression patterns. For each module, we compared the overall 106 level of expression of genes in the module for a given individual with the M/L ratio. This identified 107 one module containing 53 genes that significantly positively correlated with the M/L ratio 108 (spearman correlation = 0.49, p value = 0.006, Fig. S3A) , and which could readily discriminate 109 the 53-gene module were previously described as being highly expressed in monocytes but not in 111 T cells (Fig. S3B, Table S2 ). In particular, the 53-gene module contained the commonly used 112 monocyte lineage marker CD14, the monocyte/macrophage lineage marker CD68, and the 113 granulocytes/monocyte S100 calcium binding protein S100A9. All of these genes showed 114 increased expression levels in M/L high compared to M/L low subjects (Fig. 1C) . By examining 115 the fcs files that were acquired during cell sorting (Fig. S1A) , we identified that indeed there was 116 a subpopulation within sorted memory CD4 + T cells that stained positive for CD14 (Fig. 1D) . The 117 proportion of memory CD4 + T cells that were CD14 + was higher in M/L high compared to M/L 118 low subjects (Fig. 1D) , suggesting that this cell subset is responsible for the expression of the 53-119 gene monocyte module identified in Fig. 1B was higher in M/L high compared to M/L low subjects (Fig. 2C) + particles, often seen at the periphery of the CD3 + T cell membrane ( Fig. 3B and  160 
3C).
Looking more closely at the CD14 + particles contained within the CD3 + CD14 mid population 161 using confocal microscopy, they were found to have size and shape similar to cell debris (Fig. 3D) . were both present at higher frequencies in CD3 + CD14 hi complexes compared to individual T cells, 183 whereas LAT was expressed at similar levels between both T cell containing subsets (Fig. 3E) . 184
Importantly, all three molecules presented a higher degree of phosphorylation in CD3 + CD14
hi 185 complexes compared to T cells not present in a complex ( Fig. 3E and 3F) . Activation was much 186 more pronounced in the CD3 + CD14 hi population containing the intact Tcell:monocyte pairs 187 compared to CD3
+ CD14 mid population containing T cells and monocyte debris ( Fig. 3E and 3F) , 188 so we focused on this intact cell pairs population for the remainder of this study. complexes, compared to singlets T cells or singlets monocytes (Fig. 3G) . Looking within the 195 'LFA-1 bright' CD3 + CD14 hi doublets, we observed that almost the totality of LFA-1 expression 196 was clustered at one specific location on the T cell, corresponding to the point of contact with the 197 monocyte (Fig. 3H) . Overall, this suggests that T cell:monocyte complexes are enriched for 198 immune synaptic interactions, and that the T cells in the intact complexes are likely to be in the 199 process of recognizing antigen presented to them by the monocytes. we indeed observed a significantly higher frequency of CD3 + CD14 + complexes one day post boost, 208 which resumes to baseline levels at seven days post boost (Fig. 4A) . Second, we found that in 209 subjects with acute dengue fever from Sri Lanka, patients that developed hemorrhagic fever (the 210 more severe form of dengue) had higher frequency of CD3 + CD14 + upon hospitalization compared 211 to convalescent subjects, as opposed to patients that had a less severe forms of acute dengue 212 infection (Fig. 4B) . Importantly, the distinction between hemorrhagic vs. non-hemorrhagic fever 213 may become clear days into hospitalization, so the ability to discriminate these two groups of 214 individuals based on CD3 + CD14 + frequency at the time of admission has potential diagnostic 215 value. Taken together, these data confirmed that circulating T cell:monocyte complexes can be 216 found directly ex vivo in different immune perturbations, and their frequency is associated with 217 clinical parameters such as time post vaccination and disease severity. 218
The T cell phenotype within T cell:monocyte complexes reflect pathogen-specific polarization of 219 immune responses. 220
The phenotype of T cells involved in antigen recognition for the different immune perturbations 221 studied is expected to be distinct. if the T cell:monocyte complexes are the result of antigen specific immune perturbations, their T 225 cell phenotype should vary based on the nature of the perturbation. We indeed found that in LTBI 226 the majority of complexes contained CD4 + T cells, which was even more pronounced in the Tdap 227 boost model as expected (Fig. 4C.) . In contrast, in dengue acute individuals, there were much less 228
CD4
+ complexes, but interestingly a shift towards CD4 -CD8 -double negative cells (Fig. 4C) . 229
These cells could constitute gamma-delta T cells that are known to be strongly activated in the 230 peripheral blood during acute dengue fever [24] . Taken together, these data show that the 231 phenotype of T cells contained within CD3 + CD14 hi complexes follows differential pattern of CD4 232 vs. CD8 polarization in the three systems studied, further supporting the notion that the formation 233 of this complex is the result of T cell immune recognition triggered by the immune perturbation. 234
T cell:monocyte complexes of acute dengue infected subjects are enriched for infected monocytes. 235
There are growing evidence that monocytes can uptake and process both cell-associated antigen 236 (through direct infection or phagocytosis of infected cells) and extracellular antigen for 237 presentation to T cells, to a similar fashion to dendritic cell subsets (reviewed in [25] ). However, 238 the contribution of monocytes in the process of antigen presentation, in particular for pathogens 239 that infect monocytes, is largely overlooked. In the case of dengue, monocytes are known to get 240 infected, therefore we examined if we could detect the presence of virus in the T cell:monocyte 241 complexes of subjects with acute disease. Staining for the presence of virus by flow cytometry, we 242 indeed found that CD3 + CD14 hi complexes contained a higher number of dengue particles 243 compared to monocytes not engaged in a complex (Fig. 4D) . Thus, identifying pathogens in T 244 cell:monocyte complexes can give insights on the cause and targets of ongoing immune responses. 245
Discussion 247
In this study, we set out to determine if LTBI subjects with different predicted level of risk of 248 developing active TB (based on M/L ratio) showed alterations in the transcriptional profile of their 249 memory CD4 + T cells, which are involved in controlling the disease. This led to the discovery that 250 individuals at higher risk of developing active TB had an increased frequency of T cells circulating 251 in peripheral blood that were tightly associated with monocytes, and less frequently, with 252 monocyte-derived debris. T cells in the intact complexes showed high levels of TCR signaling and 253 enrichment for immune synaptic markers, suggesting that they were in functional interaction, such 254 as recognizing epitopes presented by the monocytes. Expansion of our studies to other immune 255 perturbations namely Tdap boost vaccination and dengue virus infection again showed increases 256 in circulating T cell:monocyte complexes which correlated with time from vaccination, disease 257 severity, and presence of viral pathogen in the monocytes. Overall, this is consistent with the 258 hypothesis that immune perturbations, even if they originally occur in tissues or lymph nodes, can 259 lead to the generation of T cell:monocyte complexes that can be detected in peripheral blood. 260
Importantly, detecting T cell:monocyte (and likely more broadly T cell:APC) complexes can 261 provide information on the immune perturbations based on which the complexes were formed. In 262 disease patient populations, a higher T cell:monocyte complexes frequency seems to be associated 263 with higher risk for developing active disease in the case of TB, and with severe forms of disease 264 in the case of dengue virus infection. In both cases, it will be necessary to run prospective trials to 265 irrefutably demonstrate that T cell:monocyte complexes frequency have predictive power of the 266 course of disease. Similarly, in vaccine trials, the T cell:APC frequency should be examined as an 267 early readout to gauge how well the immune system has responded to the vaccine. ) and singlets T cells or monocytes (Fig. S6A) . The only parameter that 285 could readily distinguish between intact CD3 + CD14 hi complexes and single T cells or monocytes 286 was the brightfield area parameter from the imaging flow cytometer (Fig. S6B) , which is a feature 287 absent in non-imaging flow cytometry. Thus, it seems that gating approaches and parameters 288 available in conventional flow cytometry are not sufficient to discriminate tightly bound cell pairs 289 from individual cells. 290
Given that T cell:monocyte complexes are not excluded by conventional FACS gating strategies, 291 why were they not reported previously? Examining our own past studies, a major reason is that 292 lineage markers for T cells (CD3), B cells (CD19) and monocytes (CD14) are routinely used to 293 remove cells not of interest in a given experiment by adding them to a 'dump channel'. For 294 example, most of our CD4 + T cell studies have CD8, CD19 and CD14, and dead cell markers 295 combined in the same channel [6, 26] . Other groups studying e.g. CD14
+ monocytes are likely to 296 add CD3 to their dump gate. This means that complexes of cells that have two conflicting lineage 297 markers such as CD3 and CD14 will often be removed from studies from the start. Additionally, 298 the detection of complexes by flow cytometry is not straightforward. In our hands, we have found 299 that conventional flow analyzers give low frequency of complexes and poor reproducibility in 300 repeat runs. This is opposed to cell sorters, presumably due to differences in their fluidics systems 301 which puts less stress on cells and does not disrupt complexes as much. Both the routine exclusion 302 of cell populations positive for two conflicting lineage markers and the lack of reproducibility in 303 terms of frequencies for such cell populations on different platforms has likely contributed to them 304 not being reported. 305
Moreover, even if a panel allows for the detection of complexes, and there is a stable assay used 306 to show their presence, there is an assumption in the field that detection of complexes is a result 307 of experimental artefacts. For example, we found a report of double positive CD3 + CD34 + cells 308 detected by flow cytometry in human bone marrow, which followed up this finding and found 309 them to be doublets using microscopy imaging. The authors concluded that these complexes are 310 the product of random association and should be ignored [27] . Their conclusion may well be true 311 for their study, but it highlights a dogma in the field of cytometry that pairs of cells have to be 312 artifacts. Another study described CD3 + CD20 + singlets cells observed by flow cytometry as 313 doublets of T cells and B cells, and also concluded them to be a technical artefact, in the sense that 314 these cells are not singlets double expressing CD3 and CD20 [28] . In this case however, authors 315 pointed out that 'Whether the formation of these doublets is an artefact occurring during staining 316 or is a physiologic process remains to be determined' [28] . We ourselves assumed for a long time 317 that we might have an artefact finding, but given the persistent association of T cell:monocyte 318 complexes frequency and phenotype with clinically and physiologically relevant parameters, we 319 After two washes in PBS, cells were stained for intracellular TCR signaling antibodies (Table S1 ) 368 for 30min at room temperature. After the final staining step, cells were washed twice in PBS, and sequencing were performed in a 96-well PCR plate containing 4 µl cell lysis buffer. All gating 381 strategies are available in Fig. S1 . 382
Imaging flow cytometry 383
For the visualization of CD3 + CD14 + cells, PBMC were stained with CD3-AF488 and CD14-PE, 384 or CD3-AF488, CD14-BV421 and LFA1-PE (see Table S1 for antibody details) as described in 385 the flow cytometry section above. After two washes in PBS, cells were resuspended to 10x10 
